A soluble fructose-1,6-bisphosphate aldolase enzyme has been purified 50.2-fold (2.36%) at the homogeneity from the electric organ of Electrophorus electricus by one step of DEAE-52 anion exchange chromatography followed by Superose-12 gel filtration-FPLC. Like other aldolase enzymes the E. electricus protein is a dimer with two identical subunits of 45 kDa. The N-terminal (20 residues) revealed a high homology with S. aurata (75%, goldfish), R. ratus and M. musculus (mouse, 80%) enzymes.
Introduction
Fructose-1,6-bisphosphate aldolases (FBPAs; EC 4.1.2.13) are ubiquitous enzymes that catalyze the reversible cleavage of fructose-1,6-bisphosphate (Fru-1,6-P2) and fructose-1-phosphate (Fru-1-P) to dihydroxyacetone phosphate (DHAP) or glyceraldehyde-3-phosphate (G3P). The formation of G3P and DHAP by FBPA constitutes an important step in the Embden-Meyerhof-Parnas pathway (Bessman and Geiger, 1981) . Two different classes of FBPAs, which share no significant sequence identity, have so far been characterized (Lorentzen et al., 2003) . Class I aldolases use covalent catalysis through a Schiff-base intermediate with ketose sugar substrates. The classical FBPA I Abbreviations: BME, beta-mercaptoethanol; BSA, bovine serum albumin; DHAP, dihydroxy-acetone phosphate; DEAE, diethylamino ethyl; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; Fru-1,6-P2, fructose-1,6-bisphosphate; FBPA, fructose-1,6-bisphosphate aldolase; Fru-1-P, fructose 1-phosphate; G3P, glyceraldehyde-3-phosphate; G6PDH, glyceraldehyde-6-phosphate dehydrogenase; HK, hexokinase; PCk, phosphocreatine kinase; PMSF, phenylmethylsulfonyl fluoride; PVDF, polyvinylidene difluoride; SDS-PAGE, sodium dodecyl sulphate-polyacrylamide gel electrophoresis; TRAP, thrombospondin-related anonymous protein; Tris, tris(hydroxymethyl)aminomethane.
0939Ð5075/2006/1100Ð0884 $ 06.00 " 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://www.znaturforsch.com · D is mainly found in animals and higher plants and is known to be homotetrameric from several crystal structures (Cooper et al., 1996) . Class II aldolases of most bacteria and fungi require a divalent metal cation as a cofactor and form a homodimer (Kim et al., 1998) . Among the class I enzymes found in mammals, there are three tissue-specific isozymes of aldolase that have similar molecular masses and catalytic mechanisms: aldolase A (expressed in muscle and red blood cells), aldolase B (expressed in liver, kidney, and small intestine), and aldolase C (expressed in brain, smooth muscle, and neuronal tissue) (Lebherz and Rutter, 1969) . The aldolase isozymes are similar in sequence (Rottmann et al., 1987) and they have strictly conserved residues in the active site region consisting of Asp33, Arg42, Lys107, Lys146, Glu187, Ser271, Arg303, and Lys229 (which forms the Schiff-base intermediate) (Choi et al., 2001) . Aldolases A and B have well-defined roles in glycolysis and gluconeogenesis, but the physiological role of aldolase C remains elusive.
Aldolase not only plays a key role in glycolysis, but also binds to macromolecules unrelated to glycolysis such as F-actin, vacuolar H + -ATPase, GLUT4, cell surface adhesins, S100A1, thrombospondin-related anonymous protein (TRAP), brain dynein light chain LC8, RNA and tubulin (Arakaki et al., 2004) . These interactions may be specific to each isozyme. Aldolase B binds to the liver cytoskeleton with higher affinity than to the muscle or brain cytoskeleton. Aldolase C binds less tightly to the cytoskeleton compared with the other two isozymes and this has been attributed to its more acidic pI .
The electric organ of Electrophorus electricus (L.) appears to be derived from an atrophied muscle with developed capacity to generate energy for the electric discharge (Nachmansohn et al., 1946) . The capacity of the electric organ of E. electricus for aerobic metabolism is low and the metabolic energy is principally provided by conversion of glycogen to lactate (Williamson et al., 1967) . Few works have reported characteristics of glycolytic enzymes of the electric organ. In this paper we report the results of the purification and partial characterization of the aldolase from the electric organ of E. electricus.
Materials and Methods

Materials
Specimens of Electrophorus electricus (L.) were received from the Goeldi Museum (Belé m do Pará , Brazil). Phosphocreatine kinase (PCk), triethanolamine, ADP, phenylmethylsulfonyl fluoride (PMSF), hexokinase (HK), glyceraldehyde-6-phosphate dehydrogenase (G6PDH), dithiothreitol (DTT), AMP, NADP, mercaptoethanol, bovine serum albumin (BSA) and diethylamino ethyl (DEAE) cellulose-52 were purchased from Sigma Chemical Company (St. Louis, MO, USA). Polyvinylidene difluoride (PVDF) and electrophoresis reagents were from Bio-Rad (Richmond, USA) while sequencing reagents were from Shimadzu (Kyoto, Japan). All other chemicals were from Merck (Darmstadt, Germany).
Tissue extracts
Specimens of Electrophorus electricus (L.) were decapitated and a piece of the main organ was excised and homogenized [1 part of tissue to 1.5 parts of solution containing 1 mm Na-EDTA (adjusted to pH 7.6)] in a Sorvall Omni-Mixer. The extractions as well as all subsequent steps were performed at 4 ∞C. The homogenate was gently stirred for 5 h and the mixture centrifuged (4,300 ¥ g, 20 min, 4 ∞C). The supernatant was spun down (100,000 ¥ g, 2 h) and 40% (NH 4 ) 2 SO 4 was added. After stand for 2 h at room temperature, the tubes were centrifuged (20,000 ¥ g, 30 min), the pellet discarded and (NH 4 ) 2 SO 4 was added until 80% saturation. After a new step of centrifugation (20,000 ¥ g, 1 h), the aldolase activity was recovered in the pellet.
Ion exchange chromatography
The (NH 4 ) 2 SO 4 pelleted material after dissolution was dialyzed exhaustively against Tris-phosphate buffer (10 mm, pH 7.2) containing MgSO 4 and 1 mm PMSF. The precipitated dialyzed material was removed by centrifugation and the supernatant applied onto a DEAE-52 column (42 ¥ 1 cm I.D.), previously equilibrated with the same Tris-phosphate buffer. After washing with the equilibrating buffer the adsorbed proteins were eluted using a linear gradient of NaCl (0 to 1.5 m) in Tris-phosphate buffer. Fractions of 3 ml were collected and the absorbance was measured at 280 nm.
Gel filtration chromatography
The DEAE-52 aldolase containing peak was concentrated (10-fold) and loaded onto a Superose-12 column (30 ¥ 1 cm I.D.) coupled in a FPLC system (Pharmacia Fine Chemicals, Uppsala, Sweden). Proteins were eluted using 50 mm Trisphosphate buffer, pH 7.6, containing EDTA and PMSF (1 mm) at a flow rate of 0.3 ml/min.
Enzymological assay
The aldolase activity assay was based on the spectrophotometric method of Oliver (1955) for the reverse reaction (hydrolysis of phosphocreatine). The substrate mixture (100 mm triethanolamine buffer; 25 mm glucose; 12.5 mm magnesium acetate; 1.25 mm ADP; 1300 U/l HK/G6PDH; 1.25 mm DTT; 12.5 mm AMP; 0.75 NADP and 100 mm phosphocreatine) was prepared shortly before use and the pH value adjusted to 7.0. The reaction was initiated by addition of phosphocreatine and recorded for 3 min at 340 nm (Hitachi Spectrophotometer, Model U-330). The activity was expressed as μmol of phosphocreatine kinase (PCk) hydrolyzed per min per milligram protein at 25 ∞C. For each μmol of PCk consumed, 1 mmol of NADP was produced. Protein was estimated using the Folin-phenol method (Lowry et al., 1951) .
SDS-PAGE
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using 12% polyacrylamide gels in Laemmli buffers (Laemmli, 1970) under reduction conditions. The gels were Coomassie blue stained.
NH 2 -terminal sequence
NH 2 -terminal amino acid sequence analysis of the purified aldolase was carried out by automated sequential Edman degradation on a gas-phase protein sequencer (Shimadzu, Kyoto, Japan, Model PSQ-1) using the purified protein electroblotted onto a PVDF membrane (De-Simone et al., 2005) .
Results
Purification of aldolase
Two steps were used to purify to apparent homogeneity the aldolase enzyme from the electric organ of E. electricus with high recovery. The purification procedure described here differs from those reported previously. The aldolase activity was found in the soluble extract (0.71 μmol PCk min Ð1 mg Ð1 protein) obtained from 4.1 g of electric organ and was precipitated with 80% ammonium sulfate.
By passing the dialyzed material (5.08 μmol PCk min Ð1 mg Ð1 protein) through the DEAE column, at least 5 peaks were obtained (Fig. 1A) . Peak 2 contained the enzymatic activity 13.3 μmol PCk min Ð1 mg Ð1 protein) and the SDS-PAGE analysis showed three bands with 43kDaÐ45 kDa. The protein was purified in a further subsequent step by gel filtration FPLC (Fig. 1B) . The pooled peak presented only a single band with apparent 45 kDa and an activity of 25.5 μmol PCk min Ð1 mg Ð1 protein. This method affords aldolase to be purified 50 times and the enzyme was apparently homogenous as assessed by SDS-PAGE and N-terminal amino acid sequence analysis.
NH 2 -terminal sequence
The sequence of a 20 residue-log N-terminal sequence obtained by direct amino acid sequencing is shown in Table I . This sequence was aligned and compared with 5 other aldolase sequences. The high degree of similarity of the E. electricus (L.) sequence to the other aldolase sequences was evident on first sight and permitted an almost unam- Fig. 1 . Purification of the electric organ aldolase activity. (A) The 80% (NH 4 ) 2 SO 4 precipitated material was solubilized with Tris-phosphate buffer (10 mm, pH 7.2) and loaded onto a pre-equilibrated DEAE-52 column. The proteins were eluted with a linear NaCl gradient (0Ð 1.5 m) in the same buffer. (B) Fractions with aldolase activity (dark line) were fractioned on a Superose-12 column. Elution was performed with Tris-phosphate buffer (50 mm, pH 7.6). SDS-PAGE (12%) gel shows the analysis of the two peaks (b and 2) with maximal enzymatic activity. biguous alignment. At positions present in all sequences included in the analysis of E. electricus aldolase showed 75%Ð80% identity to most of the aldolase molecules analyzed (Table I) except for related S. cerevisiae enzyme (32.7%). No appreciable sequence identity was also found with torpedo, kidney (Friedman and Perryman, 1991) , and non-sarcomeric or sarcomeric mitochondrial aldolase proteins (Haas and Strauss, 1990) . 
Discussion
The E. electricus aldolase enzyme was obtained from an aqueous extract after a 100,000 ¥ g-centrifugation which showed that the enzyme is well soluble. This result is similar to those found for aldolase of lamprey liver and muscle (Zhang et al., 1997) .
Using the two procedure steps described in this work the aldolase enzyme was purified 50-fold. By SDS-PAGE analysis it presented a molecular weight of 45 kDa and by gel filtration analysis it was eluted with a retention time corresponding to 80 kDa. These results show that the enzyme is formed by two identical subunits. Lamprey muscle and non-muscle aldolases had molecular masses estimated both to be 160 kDa while those of their subunits estimated by SDS-PAGE were 40 kDa (Chappel et al., 1978) . As the structural differences of the active site between the aldolase isoforms are not large it is possible that the hybrid form represents a specialization of the assemblage muscle-electric organ during the stage of E. electricus evolution. In summary, we have used a two-step procedure to purify the aldolase enzyme of the electric organ of E. electricus. The enzyme is a water-soluble protein with two identical subunits and N-terminal amino acid residues similar to other aldolase enzymes. As the organ requires a low glycolytic demand (Torres da Matta et al., 1985) , it is possible that this electric organ may require the aldolase enzyme to serve in the coordination of energy production and utilization in the region of the electric organ. The regulation of cellular energy metabolism occurs, in part, through compartmentation of metabolic pathways within specific organelles, but also through the function coupling of specific energy-generating pathways with specific energyutilization pathways. This last hypothesis may include the principal function of the aldolase E. electricus enzyme. Thus further studies will be necessary to clearly determine in which cellular activities the aldolase enzyme is involved.
